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I. Introduction 

This paper presents a petroleum engi- 
neering approach to the evaluation of 
production practices employed in the 
Driftwood-Benezette gas field in Penn- 
sylvania, and compares the results of 
such practices with those which might 
have been accomplished had the field 
been developed and operated in the most 
efficient manner, or in accordance with 
modern petroleum conservation laws. 

The Driftwood-Benezette gas field is 
important to this study only in that it 
provides a means for illustrating pro- 
duction practices generally employed in 
all Pennsylvania gas fields. Therefore, 
no attempt has been made to set forth 
details of engineering and geologic in- 
terest not closely related to production 
practices. 

Petroleum production practices in 
Pennsylvania have remained the same 
in principle since the discovery of the 
Drake well in 1859. There are no laws 
restricting petroleum production even 
though it is a well known fact that 
“wide-open” flow may cause great un- 
derground losses of oil or gas; moreover, 
there are no laws protecting landowners’ 
correlative rights—the right to enjoy the 
use of one’s property so long as this 
enjoyment does not do injury to others. 

There have been several proposals? for 
petroleum conservation laws which 
would require or encourage the develop- 
ment and operation of a petroleum res- 
ervoir as a single unit rather than on 
the wasteful and costly basis of “every 
man for himself.” None has been en- 
acted, however, and it appears that 
Pennsyivania may become the leading 
oi] and gas producing state where no 
such laws are in effect. It is indeed a 
mystery why no such laws have been 
enacted. One would think that Pennsyl- 
vania, the founding state of the petro- 
leum industry, would have been a 
leader in petroleum regulatory law. 
There must be some merit to petroleum 
conservation and unitization laws, for 
no state has ever repealed such a law. 
The Interstate Oil Compact Commission, 
which through engineering, research, 
and other committees functions to ad- 
vise the various states on petroleum 
regulatory measures, has recommended 
the enactment of a unitization law? 
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Does it not seem logical that there 
Should be a minimum waste of petro- 
leum resources, and that a landowner 
Should be permitted to recover his fair 
share of the oil or gas underlying his 
land, and only his fair share, without 
the drilling of unnecessary wells? 

Perhaps maxy Pennsylvanians are not 
acutely aware of the waste of their pe- 
troleum resources or the infringement 
on their correlative rights caused by 
maximum-rate production practices em- 
ployed in Pennsylvania. This study has 
been made in an attempt to illustrate, 
quantitatively, the effects of such prac- 
tices as they relate to natural-gas pro- 
duction. 

The Driftwood-Benezette field pro- 
vides a good example for illustrating 
natural-gas production practices’ in 
Pennsylvania. This field was intensely 
Grilled soon after its discovery and al- 
lowed to produce at maximum rate. 
Each landowner had to get his gas to 
the surface before his neighbor drained 
it away. It is the authors’ opinion that 
this caused the drilling of about 200 
more wells than would have been nec- 
essary to produce the field efficiently, 
and that open-flow production will 
cause the underground loss of at least 
20 billion cubic feet of gas, with a net 
value of approximately $2,000,000. 

Unfortunately, accurate results can- 
not be obtained from the data available. 
Throughout this study, however, the 
authors continually strove to favor the 
use of results and assumptions which 
would not exaggerate the adverse effects 
of existing production practices. 


II. Inadequacy of Engineering Data 


It became apparent at the beginning 
of this study that the lack of petroleum 
regulatory laws has resulted in an in- 
adequacy of engineering data. 

It is impossible for engineers to make 
accurate engineering studies, upon 
which plans for future gas production, 
transportation, storage and marketing 
must be based, without complete and 
accurate engineering information. Fur- 
thermore, this information must be 
readily available, at a central source, to 
all interested parties. 

In 1935 the Bureau of Mines intro- 
duced a method for computing gas-well 
capacities and for applying this infor- 
mation to production practices. The 
basic equation® set forth in that report 


of Penna. 


is used throughout the natural gas pro- 
ducing industry—even m1 Pennsylvania— 
yet the data available on Pennsylvania 
wells for use in that equation are en- 
tirely inadequate for accurate calcula- 
tions. 

Though there are no laws preventing 
operators from obtaining these data on 
their own wells, few will voluntarily close 
in a well or restrict its production while 
their neighbor drains gas from under 
their land at a maximum rate. Further, 
in order to provide maximum benefit, 
this information must be standardized 
and compiled under a well organized 
program, enforced by a central authority 
and maintained readily available at a 
central source. 

This lack of adequate information has 
obviously lead to inaccuracies in much 
of the data that have been obtained. 
Probably the greatest inaccuracies have 
keen in measuring the shut-in pressures 
of the wells, the very heart of the in- 
formation used in petroleum engineering 
Studies. 

Another source of difficulty to an en- 
gineer is the confidential nature of pro- 
duction information on privately owned 
wells. An accurate evaluation of a well’s 
performance requires the comparison of 
that well with other wells in the near 
vicinity, and an evaluation of the reser- 
voir as a whole may require the use of 
performance data on any well in the 
reservoir. 

Specific examples of either inadequate 
or inaccurate information encountered 
during the course of this study are list- 
ed as follows: 


1. Shut-in well pressures are often in- 
accurate. Most wells were shut in for 
less than 24 hours when their pressures 
were recorded, some for only an hour or 
less, 


2. The entire reservoir has never been 
shut in and the average pressure re- 
corded, nor are individual wells shut in 
periodically for this purpose. One accu- 
rate reservoir pressure, after sufficient 
gas had been produced to show a pres- 
sure decline, would have been sufficient 
to compute total gas reserves. As the 
situation stands, operators are merely 
guessing at gas reserves, and no one 
will ever know how much gas is lost due 
to production practices. 


3. Production information on privately 
owned land is confidential and, there- 
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best advantage its resources of men and 
materials. 
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Wrather Retires As Director 
Of U. S. Geological Survey 


Dr. William Embry Wrather, who re- 
cently retired as Director of the Geo- 
logical Survey “has guided Survey Ac- 
tivities through 12 years of growth in 
service to the Nation during the diffi- 
cult years of war and the later period of 
adjustment to an expanding economy,” 
according to Secretary of the Interior 
Douglas McKay. Dr. Wrather was ap- 
pointed in 1943, at a time when heavy 
demands were being made on the Survey 
for emergency services to the Nation in 
the midst of a world war. 

Born in Kentucky and a graduate of 
the University of Chicago in geology and 
law, Dr. Wrather brought to the Survey 
a unique combination of administrative 
abilities gained through years of exper- 
lence in the petroleum industry. 


APRIL, 1956 


In 1954 he was given the 50th John 
Fritz Medal, and cited as “a geologist 
of worldwide experience and fame; an 
outstanding scientist and historian; a 
wise leader distinguished for his service 
to the Nation.” 

Under Dr. Wrather’s leadership much 
progress was made in various facets of 
the science of hydrology and in the 
accumulation of basic water facts. 

A rapidly expanding program of water 
resources investigations has been guided 
toward broad objectives in appraising 
the Nation’s water resources, developing 
a better understanding of the principles 
governing the occurrence and movements 
of water, and in determining current 
water use and water requirements. 
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It is available in STEEL/ for ordinary pumping 
conditions; BRASS for ‘corrosive conditions; and 
ALL BRONZE where severe corrosion is en- 
countered. Sizes range from 1%” through 3” 
tubing, in lengths’ of 4 to 8 feet. 
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PERFORATED TOP & CHECK: Provides smooth 
rod reciprocation by reducing pressure against 
the traveling valve. 


PACKER TOP: (OPTIONAL) To bridge off sand 
from settling around the tube and _ sticking 


MAXIMUM BORE TUBE: (158” on 2” Size) For 
handling greater volume of fluid. 


The McGregor Barrel is designed for easy as- 
sembly and repair in the field. By changing a 
few parts, it can be converted to a plunger 
barrel, or a barrel for pumping with pipe in 
place of sucker rods. 
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Important advances have been made 
in the techniques of appraising the 
water supplies of the Nation. Improve- 
ments in quantitative methods of sol- 
ving complex ground-water problems, 
and of analyzing artesian acquifers have 
resulted from continued research. 


Three hundred gallons of jet fuel are 
required to taxi a current jet bomber 
from the warm-up ramp to the end of 
a runway for take-off, usually a distance 
of about one and one-half miles. 


More than 700 varieties and grades of 
oil-based synthetic rubber have been 
produced. 
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Figure 1—Structure Map, Driftwood-Benezette Gas Field 


fore, not available to the public or to all 
interested producing companies. 

4. No records could be found showing 
shut-in pressures for wells on more than 
one occasion after having been cut in 
to the pipeline. This information is 
necessary in order to determine a well’s 


performance characteristics and_ be- 
havior as described in Section V, A 
and B. 


5. No one producer or regulatory body 
has all the data on all the wells in the 
reservoir. Absence of monthly production 
rates for all wells is the most important 
example of this inadequacy. Other miss- 


_ing information might be as follows: 


The drilling method used, whether or 
not a well was shot, original well-head 
pressures and shut-in time, and whether 
or not a well had been abandoned. 

6. The reservoir temperature has never 
been measured. 

7. Very few reservoir sand thicknesses 
have been recorded. 
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Figure 2—Block area map, Driftwood-Benezette Gas Field 
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CUMULATIVE PAGOUCTION, 


8. Well locations are not recorded ina 
standard form. 

9. Neither the porosity nor the per- 
meability of the sand has ever been 
measured. 

In view of the above, the results 
brought out in this study are not nearly 
so accurate nor significant as they 
otherwise might have been. Perhaps the 
inadequacy of this study will serve to 
indicate the necessity for such state 
statutes as will provide for the com- 
pilation of information necessary to 
cohduct accurate engineering studies. 


IiI. History of Operations 
A. The Reservoir 


The Driftwood-Benezette gas field is 
the largest known gas field in Pennsy]l- 
vania, covering about 42,000 acres in 
Elk, Cameron, and Clearfield Counties. 
Production is from the highly faulted 
Oriskany sandstone, which in this area 
is mostly “medium-grained, light gray, 


“per a? 
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Figure 3—Cumulative Production and Production Rate vs. Time 


quartzose, slightly calcareous.”® The 
Oriskany is capped by the Onondaga 
limestone formation. 

Figure 1 shows the approximate area 
of the reservoir superimposed on a con- 
tour map on the Oriskany sandstone as 
constructed by Fettke.’ Figure 2 shows 
Iecations of all wells numbered in the 
sequence in which they were completed 
or drilling operations abandoned, al- 
though numbers for dry holes have been 
omitted on the drawing. 

It should not be construed that the 
reservoir has such a jagged boundary as 
is indicated by the block areas in Fig- 
ures 1 and 2. These blocks established 
by the authors were used tec compute 
the average reservoir pressure as de- 
scribed in Section IV. 

This field is located on the Driftwood 
anticline, the highest point on which is 
the Driftwood dome, located about one 
mile northeast of the town of Driftwood. 
This dome is not shown in Figure 1 
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“are getting 
ENOUGH FOOTAGE?” 


















































To MAKE MORE MONEY you have to get a higher price for your drilling, or get more drill- 
ing from your machine and tools. The progressive drilling contractor is always after both— 
more money and more footage. y; 


To get you MORE FOOTAGE, Acme spent more than a decade developing a superior alloy 
jar. How? By the same quality methods that have made the Acme Carbon Jar victorious 
over all competition. Today over 85% of the carbon jars made in America are Acme and 
they wear as long as a competing weldless jar in many sizes. 


To get LONGER WEAR — much longer wear — in all formations, the Acme alloy jar has 
been perfected. Look up the word Acme in your dictionary; it comes from the Greek word, 
Akme, meaning perfection, peak of progress. Here is how we live up to our great name. 


We have installed the MOST MODERN EQUIPMENT to manufacture jars. Exclusive with 
Acme are the latest technological improvements in the physical treatment and welding of 
jar steel. No one else offers you the benefit of such superior manufacturing facilities. Acme 
Alloy Jars — like Acme Carbon Jars — are superior because they are made by superior 
methods and machinery. 


We use SUPERIOR STEEL in Acme Alloy Jars. It is a triple strength alloy steel, grade AISI 
4340 made out of chromium, molybdenum, and nickel. It is a longer wearing alloy steel 
than the single alloy used in a competing make. Acme Alloy Jars have 1300% more alloy 
in them than any other make on the market.We .use a chrome-moly-nickel steel which is 
rich in nickel, producing a greater depth of hardness penetration than the single alloy 
used by a competing make. LONGER WEAR is the bonus you get from the superior alloy 
steel in Acme Alloy Jars. 


We use ATOMIC AGE WELDING methods. The welding techniques of today permit use of 
alloy steels far superior lo those used at the time weldless jars were first made. The atomic 
age has made the weldless method obsolete. We put one electric weld in a set of Acme Al- 
loy Jars. It is stronger than steel. The weld is X-rayed by an electro-magnetic pracess so 
thal no bad welds can get past inspection. This one weld is in the crotch where the steel is 
50% heavier than in the rein section. Both sections of the jars are drop forged. This method 
of making alloy jars enables Acme to use a superior piloy steel, and you get a superior alloy 
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Acme, like its parent com- 2/47 Dis. Cc @) ij S 
pany, Stardrill-Keystone, a V : T R i O 

has a basic policy of QUALI- 
TY FIRST, While another me JARS 
manufacturer of alloy jars 
uses an alloy steel contain- 


ee ing only Vs of 1% alloy con- mood OF 
ACME tent, Acme, in its alloy jars, ie. MOLYBDENUM 


ALLOY uses a steel containing 3% ~ Sasa 

of alloy — or 1300% more. Alloy :. NICKEL 
LONGER ae... 
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ACME ALLOY JARS 


Acme gives you MORE 
WEARING PSTEEL. For <Ramplevoet 
JARS 5%'' Acme Alloy Jars 
weigh 425 lbs. . 
10% more than a 
competing make. , Fishing Jor size as 
At the same price. : 
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And every Fishing Jar Size at the Best Price. 
Place your 
orders 
through your 
supply store 
or Dealer 
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since the dome itself proved to be out- 
side the productive boundary of the 
reservoir, as indicated by the numerous 
dry holes shown just to the northeast of 
the reservoir in Figure 2. 

The northeast or Driftwood end of 
this reservoir was discovered first. The 
discovery well was Sylvania’s S. C. Eaton 
No. 1 (Figure 2, well 1-A) completed 
September 15, 1951. Since this well was 
situated relatively low on the southwest 
plunge of the Driftwood dome, subse- 
quent tests were made high on the dome 
in and around the town of Driftwood, 
none of which proved productive ap- 
parently because of a tight sand strati- 
graphic closure at the northeast end of 
the reservoir. Development was then 
shifted down the plunge to the south- 
west. 

The Keta Oil and Gas Company’s 
Charleroi Mountain Club No. 1 (Figure 
2, well 57-S) on the Benezette dome 
opened the Benezette end of the reser- 
voir in December, 1952. Then in March, 
1953, the Benezette Valley Development 
Company brought in the William Wood- 
ring No. 1 (Figure 2, well 69-F). This 
well was extremely important in that it 
is some 300 feet lower on the flanks of 
the Benezette dome than the Charleroi 
well, indicating that the Driftwood- 
Benezette field was much larger than 
had previously been estimated.’ This 
led to the furious drilling race between 
private landowners which resulted in 
the dense well pattern as shown in 
Figure 2, areas F, G and H. Presumably, 
if the areas to the south had not been 
mostly state-owned land, the entire 
field would have been drilled into a 
similar pattern. 


B. Drilling and Production Practices 


1. Drilling and Gauging 


Drilling operations reached a peak in 
August, 1953, when 22 producing wells 
were brought in. The rate then dropped 
slightly and leveled off at about fifteen 
to twenty wells per month until July, 
1954, at which time there began a rapid 
decline in the drilling rate. 

Most of the early drilling was with 
cable tools which averaged about sixty 
feet per day. Rotary drilling was later 
used, which averaged about 180 feet 
per day; however, lost circulation and 
completion problems were frequently 
. caused by the high density (17 pounds 
per gallon) drilling mud. Completion 
problems were often overcome by drill- 
ing-in with cable tools, but a more re- 
cent practice of using air-rotary drilling 
with gas completions has been highly 
successful in eliminating both of these 
difficulties. The air-rotary has shown a 
penetration rate of about’ twice that of 
the regular rotary.’ 

All methods employ the practice of 
setting a seven-inch O. D. casing about 
ten feet into the Onondaga limestone, 
and then drilling a 6%-inch hole into or 
through the Oriskany sandstone. 

Open-flow capacities of wells are 
measured with pitot tubes while the gas 
is discharged to the atmosphere. Shut- 
in pressures are generally recorded after 
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wells have been closed in for 24 hours, 
although the rush to cut the wells into 
the pipeline frequently permits only a 
few hours shut-in time. 


2, Production Practices 


Little can be said of production prac- 
tices except that wells are cut in to the 
pipeline as quickly as possible and per- 
mitted to flow at maximum rate. Figure 
3 shows the cumulative production and 
production rate of the field plotted 
against time. The dotted portion of the 
curves represents the predicted recovery 
and recovery rates as explained in de- 
tail in Section V, C. 

There has been no evidence of water 
drive during production from this field. 
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There have been occasions of wells being 
drowned out by water, but this difficulty 
has frequently been relieved, at least 
temporarily or partially, by shutting in 
the wells for a few days. 


IV. Determination of Reserves 


An accurate determination of gas re- 
cerves in a reservoir can be made only 
when accurate reservoir pressures are 
known. Since the Driftwood-Benezette 
reservoir has never been shut in in 
order to determine a reservoir pressure, 
and since pressures for individual wells 
are not periodically recorded, any meth- 
od used in computing reserves is largely 
guesswork. The original pressure was 
most probably about 4,020 pounds per 
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square’ inch gage, as measured at the 
wel! head. Obviously, no other pressure 
would be needed to compute reserves if 
the boundaries of the reservoir, the po- 
rosity, the per cent water saturation, 
and the sand thickness were known. 
However, in view of the highly faulted 
structure of this reservoir, the probable 
wide variation in porosity, and the 
doubtful boundaries as estimated, the 
only practicable method for determining 
reserves is by the use of declining reser- 
voir pressures with cumulative produc- 
tion, as is shown graphically by Figure 
4, and as explained in detail later in 
this section. 

The only course for determining the 
average reservoir pressure lay in averag- 
ing pressures by areas, area pressures 
being obtainable from original pressures 
for new wells. It is believed that the 
boundaries of the reservoir are suffi- 
ciently well established so that it can be 
divided into areas as shown in Figure 2, 
and that each area has roughly the 
same average porosity and sand thick- 
ness. Though this may not be entirely 
true, the method of averaging area 
pressures in order to determine the 
over-all reservoir pressure is not overly 
demanding of an accurate reservoir area, 
and it is not necessary that the sand 
thickness or porosity be known, provided 
each area is assumed to have equal pore 
space. The reservoir area as shown is 
comprised of forty-one approximately 
equal-sized blocks of about one thousand 
acres each. 

The only difficulty lay in determining 
the average area pressures at a selected 
date or dates. The pressure recorded for 
a well drilled in the area on or near the 
selected date could not be used with any 
degree of accuracy, for often the well 
would be in such close proximity to an- 
other that its pressure would be greatly 
affected, or the pressure shown for a 
well drilled at a later date in the same 
vicinity might have been considerably 
higher. Many additional factors had to 
be considered, such as the location of 
the wells in the area, their distance 
apart, the length of shut-in time com- 
pared to flow rate, and pressures in ad- 
joining areas. 

It soon became apparent that many 
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recorded well pressures were lower than 
they should have been. Most of the wells 
were shut in for less than twenty-four 
hours when their pressures were record- 
ed. This is far short of the time esti- 
inated to have been necessary for the 
pressure to stabilize in sand of such low 
permeability. It has been illustrated that 
pressures recorded after three days may 
Still be well below the stabilized pres- 
sures." 

It was impossible to select any single 
date near which, during the early and 
late stages of development, wells were 
drilled in a Majority of the areas. This 
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required such an extensive use of esti- 


mated area pressures that little reliabil- | 


ity could be placed in the computed 
average. It was, therefore, decided to 
determine the one most accurate average 
reservoir pressure which occurred well 
along in the productive life of the reser- 
voir. Only one pressure, other than the 
original, is needed to compute reserves, 
and one good pressure is considered to 
be more accurate than a, decline curve 
average Of several poor ones. In order 


to determine the most accurate pressure © 


€ach block area was considered sepa- 
rately. Again, weighing all significant 
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Figure 5—Pressures by Block Areas 
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factors stated above, every instance in 
which a well pressure or several well 
pressures appeared to reasonably repre- 
sent that for the block area was record- 
ed under the date shown. When such 
pressures for all areas had been record- 
ed, the widest coverage of area pressures 
fell near the date of May 31, 1954. That 
date was, therefore, selected for deter- 
mining the over-all average reservoir 
pressure. In cases where a block area 
failed to show a pressure on or near 
that date, it was possible to interpolate 
between dates on either side of May, 
1954, or to estimate the area pressure 
from those shown for surrounding areas. 
Well-head pressures thus determined are 
shown in Figure 5. The average of these 
gage pressures came to 2,490 pounds per 
square inch. 

The pressure due to the weight of the 
column of gas was computed using the 
equation 

PxZRT 144 
Pw = ————- - 
MH 


5S) =P a 


where 

Pw = well-head pressure in pounds per 
square inch absolute. 

P, = pressure due to the weight of 
the gas column in pounds per 
square inch, 

Z = gas compressibility factor at av- 
erage temperature in the well 
bore and at well-head pressure, 

R =gas constant, 

T = average temperature of the gas 
column, 

M =molecular weight of the gas, 

H =average depth of the reservoir 
below the surface. 

If natural gas expanded upon release 
in pressure exactly in accordance with 
Boyle’s law, the pressure decline curve 
would merely be a straight line througn 
the original reservoir pressure and the 
May 31, 1954 reservoir pressure plotted 
against cumulative production as of May 
31, 1954. However, since natural gas does 
not conform exactly to Boyle’s law, the 
compressibility factor had to be con- 
sidered. Calhoun shows that reservoir 
pressure (P) divided by the ccmpressi- 
bility factor for the gas (Z) at reservoir 
conditions will plot as a straight line 
against cumulative production.’! Com- 
pressibility factors were, therefore, com- 
puted for the two above reservoir pres- 
sures and a straight line plot made 
between the two P/Z points thus deter- 
mined. The accuracy of the curve was 
checked analytically and original gas 
calculated to be 289 billion standard 
cubic feet. The reservoir pressures as 
they would be measured both in the 
reservoir and at the surface (Figure 4) 
were computed from the P/Z curves, 
using compressibility factors and values 
for the pressure due to the weight of 
the gas column as are shown graphically 
in Figures 7 and 8. 

The 289 billion standard cubic feet of 
gas, as calculated to have been originally 
in the reservoir, at first appeared high, 
considering the present low production 
rate from the wells. An additional cal- 





*Derived, using gas law equations, slightly imaccurate 
as the Z is based on the well-head pressure instead 
of the average pressure in the well, 
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culation was, therefore, made to deter- 
mine the porosity of the sand, using 
42,000 acres which has been estimated as 
the area of the reservoir, and an average 
sand thickness of 17 feet as estimated 
from the few wel! records showing this 
information. The porosity thus calcu- 
lated came to 4.18 per cent. This po- 
rosity certainly does not appear to be 
excessive, considering the nine per cent 
and 8.34 per cent porosities found, re- 
spectively, for Oriskany sand samples 
blown from wells in the Tioga’ and the 
Leidy gas fields.” 

In consideration of the above, the 289 
billion cubic feet does not appear to be 
excessive. An additional similar calcu- 
lation of reserves was made, however, 








using the absolute minimum feasible 
pressures for block areas as of May 31, 
1954. This calculation showed 255 bil- 
lion standard cubic feet as the original 
gas content of the reservoir. The original 
calculation is considered to be the more 
accurate. 
V. Operations 
A. Determination of Average Well 
Productive Capacity 

The equation Q = C(Pr?-P,”) as de- 
scribed in the Bureau of Mines Mono- 
graph 7 is also applicable to groups of 
wells.° The average well productive ca- 
pacity coefficient, C, may therefore be 
obtained by averaging the C’s computed 
for each well by dividing Q by (Pr°-P,”)". 
Values for Q and for Pw» are Known as 
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each well is completed and an open flow 
test is made. Since the value of n was 
not Known, it was necessary to average 
the production rates (Q) for wells pro- 
ducing under the same (P;*-P;*). Fur- 
ther, since liftle confidence could be 
placed in the accuracy of the lower 
pressures, it was decided to use wells 
showing well-head pressures near 3,500 
pounds per square inch. Thirty such 
wells showed an average Q of 7,300M 
cubic feet per day. The pressure due to 
the weight of the column of gas in these 
wells averaged about 500 pounds per 
square inch, bringing the P; value to 
4,000 pounds per square inch. Since P, 
can be neglected for these large-hole 
high-pressure wells flowing against at- 
mospheric pressure, 7,300 (Q) can be 
plotted against 16,000,000 (Pr°-P.*) on 


logarithmic paper as is shown by point 
A in Figure 6. This gives one point on 
the logarithmic plot, but does not of 
course show the slope of the line which 
can be used to determine values of Q at 
different values of (P:s°-P."). It was de- 
cided to use an n value of one (viscous 
flow) in order to simplify calculations 
and to preclude the exaggeration of the 
adverse effects of production practices 
as is brought out in Section V, B and C. 
Using this n value of one, the coefficient 
(C) for the 30 wells came to .456. These 
values of C and n were justified by an 
average value of C equal to .45 for 127 
wells on which the recorded data ap- 
peared to be the most accurate. The 
value of C for each individual well in 
this case was obtained by dividing the 
flow rate (Q) by (P°-Ps*), Ps being the 
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closed-in individual well-head pressure 
plus the pressure caused by the weight 
of the gas column, and P. again neg- 
lected. 

Readers might be interested in the cal- 
culation of average permeability where 
the value of C equal tc .456 was substi- 
tuted in the Darcy’s law radial flow 
equation for viscous flow. Though a 
rough assumption had to be made for 
the drainage radius and though the flow 
may not be considered as radial in all 
cases, the computed permeability of 4.05 
millidarcies as compared to the esti- 
mated permeability of ten millidarcies 
tends to substantiate the assumption 
that the value of C is not excessive. Two 
samples blown from wells in the Leidy 
gas field averaged 10.9 millidarcies.” 

In consideration of the above, the 
curve AB in Figure 6 may be considered 
to represent the production rate that 
coulda have been expected from the 
average well with decreasing values of 
(P;*-P,?) had the physical characteristics 
of the well and the producing formation 
remained constant, and had the wells 
been so spaced as tc have the average 
foimation pressure acting on each well. 


B. Effect of Well Spacing and Production 
Practices on Production Rate 


As pointed out in the previous section, 
curve AB (Figure 6) represents the de- 
clining production rates with declining 
((P,*-P,*) values that could have been 
expected from average, undamaged, 
properly spaced wells. Curve CD (Figure 
6) represents the actual average produc- 
tion rate per well with declining average 
reservoir pressures as shown in Figure 
4, Points on curve CD were determined 
oy dividing the total monthly production 
rates by the average number of produc- 
ing wells as of the date indicated and 
plotting these rates per well against the 
(P;*-P,?), P: being considered as the 
formation pressure shown by Figure 4 
and P. being dependent upon the line 
pressure and is estimated as 600 pounds 
per square inch. The deficiency in pro- 
duction rate per well for any value of 
(P;°-P,*) is represented by the horizon- 
tal distance between 


on by the rapid production rate. 


Production losses caused by water con- | 


ing, well caving, ete.. cannot be well 
illustrated from the data available, al- 


though it would be a simple procedure |, 


to shut in wells occasionally and to plot 
the Q versus the (P;*-P.°?) on logarith- 
mic paper. A line through successive 
points thus obtained would indicate 
whether or not a well is being damaged. 
A curve that bent toward the pressure 
axis would be indicative of water coning 
or other factors hindering deliverability. 
If only two points are available, and a 
line through the two points has a slope 
greater than one (more than 45 degrees 
to the pressure axis), it will, in the 
authors’ opinion, be indication of well 
damage. This procedure was attempted 
for the few state wells on which records 
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the two curves. ; 
This loss can be attributed to local pres- | 
sure depletions in densely drilled areas | 
and to physical damage to wells brought | 


cd 








i) 


could be found showing shut-in pres- 
sures sometime after their original gag- 
ing. However, curves thus obtained only 
served to prove the inadequacy and in- 
accuracy of recorded data. One curve 
showed a reverse slope, indicating lower 
flow rate with increasing formation 
pressure. 

The Bureau of Mines back-pressure 
method for analyzing the deliverability 
ef gas wells is a much more thorough 
and detailed procedure than that de- 
scribed above. Far greater benefits than 
that discussed above may also be derived 
from their method, although it requires 


' the restricting of a well’s flow for con- 


siderably more time than production 


| practices in Pennsylvania permit. 


C. Estimated Losses in Ultimate 
Recovery 


Although it is impossible to predict 
the ultimate gas recovery from this res- 
ervoir with any degree of accuracy, it is 
fairly obvious in view of the declining 
production rate that an uneconomical 
production rate will be reached long be- 
fore 289 billion cubic feet of gas have 
been produced. 

Curve DE, Figure 6, shows a recent 
increasing rate of decline in production 
rate. This may be due to a variety of 
factors, such as 

1. Water fingering cutting off rela- 
tively high pressure gas zones. 


2. Water coning near the well 
bore, reducing the effective sand 
thickness. 

3. Water condensation, reducing 


the effective permeability to the gas. 

4. Water accumulation in the well 
bore. 

5. Well caving. 

6. Structural conditions within the 
reservoir. 

7. The temporary shutting in of an 
increasing number of wells (since 
the rate is based on the number of 
producing wells as drilled rather 
than the actual number in opera- 
tion). 

8. Almost total pressure 
tion in densely drilled areas. 
It is the authors’ opinion, however, 

that conditions in the reservoir may soon 
Stabilize and that the flow rate after 
that time will continue in a directly 
proportional relationship with (P;°-P,°); 
at least this is the best that can be ex- 
pected. This is illustrated by the curve 
EF, Figure 6. Though there is little 
chance that this curve will hold true to 
the abandonment date, it is not un- 
reasonable to expect that it will hold 
approximately true for the next few 
years. This curve may be used in con- 
junction with the reservoir pressure 
curve (Figure 4) to provide a trial and 
error means for predicting future pro- 
duction and production rates. The dotted 
portions of the curves (Figure 3) were 
derived in this manner, considering a 
gradually decreasing value of P. to zero 
In the year 1959. By the end of the year 
1959 there should have been about 240 
billion cubic feet of gas produced from 
this reservoir. 


deple- 
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In consideration of curves AB and EF 
(Figure 6) and assuming a minimum 
econcmic flow rate (Q) of 50MCF per 
day at zero back pressure (P,;), the res- 
ervoir could be expected to be abandoned 
at an average pressure (P;) of 632 
pounds per square inch, whereas in the 
“ideal” case the abandonment pressure 
would be 316 pcunds per square inch. 
This, according to Figure 4, reflects a 
loss of about 22 billion cubic feet of gas 
due to inefficient production practices. 

Actually, it is anyone’s guess as to 
just how far into the future this reser- 
voir will produce gas at an economic 
rate. Most likely there will be numerous 
wells capable of prcducing gas at an 
economic rate for many years to come. 
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It is highly probable, however, ‘that 
water fingering and coning has or will 
cut off relatively high pressure zones 
within the reservoir, and that a reduced 
effective permeability to gas caused by 
water coning and condensation will seri- 
ously curtail production and reduce the 
ultimate recovery. An estimated loss of 
approximately 20 billion cubic feet of 
pas is considered to be conservative. 


VI. Evaluation of Results 
A. Operational Aspects 


Although this study has developed no 
absolute proof that there will be sub- 
stantial losses in ultimate recovery of 
gas from this reservoir, it does indicate 
that such losses are very likely and pre- 
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sents definite proof that a great amount 
of manpower and materials have been 
unnecessarily expended. Curves AB and 
CD (Figure 6) show that actual pro- 
duction per well was only about 35 per 
cent of what might have been expected 
trom the properly-spaced average well. 
or that about one-third of the wells, if 
properly spaced and undamaged, should 
nave given the same production rate. As 
was pointed out in Section V, A, this 
figure is based on a conservative esti- 
mate of the slope of the logarithmic 
curve AB (Figure 6) equal to one. It is 
possible that this curve could have had 
a slope of less than one, showing an 
increasingly wide separation between 
the “ideal” and “actual” curves with de- 
creasing pressures, and therefore an in- 
creasingly poorer comparison of the 
actual well production rate with that of 
the ideal. 

The ideal number of wells can only 
be determined by an economic balance 
of a great many factors, such as recov- 
erable, gas in place, drilling costs, back 
pressure required to prevent damaging 
the well or the producing formation, 
market demands and commitments and 
others. The back pressure required can 
be determined accurately by the Bureau 
of Mines method, but even this is sub- 
ject to economic considerations. It may, 
for example, be more economical to 
permit minor damage to the well than 
to hold the back pressure sufficiently 
high to prevent damage entirely. Some 
states force the application of back 
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pressure by restricting gas preduction to 
25 per cent of open flow capacity. How- 
ever, this restriction is also intended to 
prevent gas production in excess of 
market demands, and there is no reason 
known to the authcrs why Pennsylvania 
should restrict production to this rate if 
it can be shown that significant damage 
will not occur to wells producing at 
higher capacities. All of the above 
factors can best be weighed and applied 
through a unit operation plan, assisted 
perhaps by a well-spacing regulation. 

It is probable that no more than two 
billion cubic feet per month would have 
been the ideal production rate from the 
Driftwood-Benezette field. Gas com- 
panies taking gas from this field must 
contract for vast quantities of gas from 
the Southwest to meet commitments 
during the winter months. Furthermore, 
the nature of pipeline operations as well 
as economic factors in the producing 
Southwest demand the establishment of 
long-term contracts with little or no 
seasonal variations in gas. deliveries. 
This requires the delivery of large quan- 
tities of gas to this area during the 
summer months which must be stored 
in underground reservoirs. It is there- 
fore obvious that the most economical 
rate to extract gas from this field would 
be a long-term rate necessary to aug- 
ment deliveries from the Southwest with 
a2 minimum of storing required. 

According to curve AB (Figure 6), two 
billion cubic feet per month could have 
been produced early in the productive 
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life of the field (Pr = 4,600) with 27 
wells producing at 25 per cent of open- 
flow capacity, and with 100 wells at this 
capacity five years later when the 120 
billion cubic feet produced would have 
caused the reservoir pressure to drop to 
about 2,400 pounds per square inch (Fig- 
ure 4). At 50 per cent open-flow ca- 
pacity, only half of these wells would 
be required, and 100 wells would produce 
two billion cubic feet or more per month 
until 175 billion cubic feet of gas had 
been produced. Assuming that the flow 
rate could reach a maximum at the 
lower pressures without causing signifi- 
cant damage to the wells or the forma- 
tion, 100 wells would sustain the 2 
billion cubic feet per month rate for 
almost nine years or until 210 billion 
cubic feet of gas had been produced. 
Does not this appear more efficient and 
logical than has been the actual practice 
of drilling around 300 producing wells 
to obtain the flow rate shown in Fig- 
ure 3? 

The above comparison of actual prac- 
tices with those which might have been 
employed under unit operations or under 
well spacing regulations does not show 
a comparison of ultimate recovery losses. 
It was illustrated in Section V, C that 
there should be at least 20 billion cubic 
feet of gas lost because of inefficient 
production practices. Though structural 
conditions in the reservoir might not 
permit such high ultimate recovery in 
either the actual or the ideal case, it is 
probable that unit operations or ade- 
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quate well spacing regulations would 
provide for more efficient exploration 
and thereby for a preduction rate close- 
ly approaching that shown by the curve 
AB (Figure 6). 


B. Economic Aspects 


1. General 

The economic aspects of production 
practices may be illustrated roughly as 
follows: 

(a) Before this reservoir is abandoned 
there will probably have been 300 pro- 
ducing wells drilled—200 more than is 
conservatively estimated to be the ideal 
as stated in the previous section. At 
$75,000 per well, this will amount to an 
unnecessary expenditure of $15,000,000. 

(b) It is estimated that at least 60 
billion cubic feet of gas will have been 
stored and re-extracted beyond that 
which would have been necessary at the 
two billion per month rate. At an esti- 
mated cost of five cents per thousand 
cubic feet for storing and re-extracting, 
this will amount to $3,000,000. 

(c) Twenty billion cubic feet of gas 
estimated to be lost due to open flow 
production practices, at an estimated 
net value of about ten cents per M cubic 
feet*? will amount to a loss of $2,000,000. 

(d) It is estimated that about 75 
billion cubic feet of gas would have in- 
creased in value by at least two cents 
per M cubic feet had it been possible to 
produce this gas on a seasonal contract 
- or at a slower rate. This will amount to 
$1,500,000. 
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(e) There have been numerous rela- 
tively minor excessive expenditures, such 
as expenses for operating compressor 
stations, additional wel! maintenance 
costs due to open flow production prac- 
tices, excess gathering lines, etc. 

In view of the foregoing illustration, 1t 
is reasonable to assume that $20,000,000 
have or will be wasted by the production 
practices employed in the Driftwood- 
Benezette gas reservoir. Furthermore, a 
large portion of these losses will be 
paid by the consumer in the form of 
high gas prices or in taxes to make up 
for the losses from state-owned tracts. 


2. Private Landowncrs 

Much of the land overlying this reser- 
voir is privately owned small tracts of 
one acre or less. Such a landowner’s fair 
share of the gas, considering 40,000 
acres total and 280 billion cubic feet of 
gas as recoverable, is 7,000 M cubic feet. 
At one-eighth royalty this figure is fur- 
ther reduced to roughly 900 M cubic feet, 
which would amount to $247.50 at the 
current price of 27% cents per M cubic 
feet. It is conservatively estimated that 
many small tract landowners have or 
will receive at least a hundred times 
this figure. Their excess profits obviously 
resulted in losses from less densely 
drilled areas, which in this field are 
mostly state-owned tracts. 


Conclusion 


It is concluded that there have been 
about 200 excess wells drilled in the 


Driftwood-Benezctte field; that there 
could not possibly have been a fair and 
equitable distribution of the gas among 
the various landowners; that very prob- 
ably there have or will be large quantl- 
ties of gas left in the reservoir because 
of open-flow production practices; that 
sound engineering principles are not ob- 
served in gaging wells and in evaluating 
their performance, and that all of these 
are directly attributable to the lack of 
petroleum regulatory statutes in Penn- 
Sylvania. It is further concluded that 
the general public supports a large share 
of the inequities, gas losses and excess 
expenses either in higher gas prices or 
in decreased revenue from _ publicly 
owned land. 

The obvious recommendation, there- 
fore, is that the citizens of Pennsylvania 
demand the enactment of state statutes 
which will prevent this waste of man- 
power, materials, and petroleum  re- 
sources, and which will insure the pro- 
tection of correlative rights of land- 
owners. 

The details of the varied petroleum 
conservation measures and unitization 
statutes are beyond the scope of this 
paper. The average citizen, however, 
shculd not be so much concerned with 
these details as by the fact that nothing 
is being done to remedy the current in- 
efficient and unfair production practices. 
Citizens should place their faith in an 
Oil and Gas Committee appointed for 
the purpose of recommending appropri- 
ate conservation and unitization statutes 





nkin 


. Capable and 


Marietta, Ohio; Louisville, Ky.; Columbus, Ohio 





“The House That Service Built’ 


. Most complete stocks of Tools and Supplies . . 


experienced Field Representatives who 


re 
MOST COMPLETE SERVICE 


IN THE APPALACHIAN AREA 


FOR THE OIL AND GAS INDUSTRY 


. Distributor in 
Licensed 
Complete Fishing Tool Rental 
“know 


Ky.; Pikeville, Ky. 








39 


and for enforcing the statutes after they 
are enacted. No person need fear mec- 
nopolistic practices or the deprivation 
of his property without the due process 
of law. He is protected from these under 
federal law. 

It is additicnally recommended that 
the state immediately institute a’ pro- 
gram to acquire, compile and correlate 
information needed for accurate engi- 
neering studies, and to make this in- 
formation readily available to all inter- 
ested parties. No information relating to 
well production should be confidential. 
The very least that should be done is 
the enactment of a law requiring that 


all gas wells be shut in for a minimum 
of 48 hours once a year and that snut- 
in pressures be recorded and reported 
to an appropriate state regulatory body. 
Open-flow capacities, or flow rates 
against stated back pressures, should be 
recorded at the time wells are shut in, 
and likewise reported. Though this in- 
formation will not suffice for accurate 
computation of the wells’ performance 
by the Bureau of Mines back-pressure 
method, it will provide for considerably 
miore accurate engineering studies than 
are currently pcssible. This recommenda- 
tion would be superfluous if adequate 
petroleum conservation lawS were en- 
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acted, for effective conservation pre- 
supposes a frequirement for accurate 
knowledge of both the gas reservoir and 
the producing wells, which can only be 
gained from extensive and accurate 
data. 
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I. INTRoDvCTIOR 


Setroleus production practices in Pesnsylvania have remained the 

veme in principle since the discovery of the Dreke well in 1559, ‘here — 
are no laws restricting petroleus proeluction even though it is a well 
known faet that widewopen” flow may cause jreat underground lesses of oii 
ox 4883 woresover, there are no laws protectin; landowners’ corrcletive 
righta -~ the right te enjoy the use of one's property sco long ae this en~ 
joyaent Joes not do injury to others.* | | 

_  Teere have been several proposals’ for petroleus conservation laws 
which would require or encourage the ‘evelopment and operation of a petroloun 
reservoir oa @ single unit rather than on the wasteful ani costly deals of 
“every nan for hieself." one has been enscted, however, end it eppears 
that Fennsylvania may become the leading oi] and ,as producing state where 
no euch ews are in effect. it is indeod & mystery why no such laws have 
baen enactei, One would think that Peccaylvania, the founding state of 
the petroleum iuiuetry, would have been a leader in petroleua regulatery 
lew, ‘here pust be some merit wo petroleun conservation ani unitization 
Lawa, for no atate hae ever repealed such 2 lew, ‘the interstate 1 
Goupact Comealsgion, whieb ‘through encineering, research, and other con 
aittees functicne to advies the varicw etetes on petroleum regulatory 
seasures, has recomnenie? ihe enactzuent of a unitization law,> oes it 
not seen lesical that there should be a minimus waste of petroleum re- 
sources, ani that a landowner should be persitted to reeover his fair share 
of the o11 or gas underlying his land, and only his fair share, without 


the drilling of unnecessary wells? 


tieferences are listed in the Bibliography. 
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Verhaps sany Ponnaylvanians are not seutely eware of the waste of 
thelr petroleum resources or the infrincement on their correlative richts 
caused by maxiauserete oroluction practices em loyed in Pennsylvania, 
Thia stady hes been made in an attenpt to illustrate, quantitetively, the 
effects of such practices asa thoy relate to netural~cas production. 

The ori ftecod=erece:te flel provides s ood example for illus- © 
trating natural-;ae production prectices in Pennsylvania, ‘hie Nel‘ wes 
intensely drilled soon after ite discovery and allowed to produea at 
maxinae rate. Gach Lanxiowner had te cet his gas to the ourface before his 
neighbor drained it eway. It is the author's osiniun that this caused the 
driliing ef ebout 200 more wells than would have been nesessary to produce 
the field efficiently, and thet open-flow production will cause the un‘er- 
jround lees of at least 20 billion ouble feat of ces, with a net value of 
approximately $2,000,000. 

Unfortunately, eacurate resulte caonot be obtained froa the data 
available, Throughout this stacy, however, the author contimually otrove 
to favor the use of results ant assumpticne which woul not exaccserate the 
siverse offects of exiating protuction practices, 
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- Il, IWADBQUACY OF SNGKWERFING DATA 


‘Tt became apparent at the beginning of this study thet the lack 
of petroleua reguletery laws has resulted in an inasequacy of engineering 
— it 19 impossible for enzgineors te make accurate engineering stucties, 
upon which plans for future yas production, transportation, storage and 
marketing wast be based, without complete and accurate engineering infor 
mation. Furthermore, this inforastion must be readily available, eta — 
central source, to a1] interested pertios. 

in 1935 the Burcau of Hines introduced a method for computing 
gas~well capacities and for applying this inforsation te production 
practices.” ‘the baaie equation’ set forth in that report ie used through- 
out the natural gas producing industry—even in Pemsylvanis-—-yet the 
data available on Pernsylvenia wells for use in that equation are entirely 
inadequate for accurate calculations. 

Though there are no laws preventin: operators from obtaining these 
data on their own wells, few will voluntarily close in s well or restrict 
its srojuction while their neighbor drains gas froa under their lend at 
& waximum rate. Further, in order to provide maxiaaa benefit, this in- 
forsation mist be standardized and compiled under a well organised proyvras, 
enforeed by a central authority ani maintained readily svaileble at a 
central source. 

This leek of adequate information hes obvicusly lead to inaccura- 
cies in such of the data that have been obteined. Probably the ;reatest 
inaccuraeies have been in measuring the shut—in pressures of the wells, 
the wery heart of the information used in petroleun engineering studies, 
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‘nother squree of Jiffieulty to an onginser is the confidential 
nature of Production information on privately owned walle, An accurate 
evéluation of a woli's performance requires the comporison of that well 
with ether wells in the near vicinity, ani an evaluation of the reservoir 
oo mee TR ee rrr es SY eo 
reservoir. 


= \i—- 7 _ — ~— + & 


opecd fe vuee of either Anadequase or inaccurate information 
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shut in for lesa than 24 hours when their preaeares were recorded, some 
for oniy an hour or less. me . 

———' = Meo utes ryservolr has never been shut in ont the average 
pressure recorded, aor are in2ividual wells shat in peracdionliy ool thie 
Purpose. One accurate reservoir Pressure, aftor sufficient ;as had oom 
produced to show a pressure decline, woul have deen sufficient to compute 
totel cas reserves, Ao the situation stands, operators are serely guese- 
ing at sas reserves, ant no ons will ever know how mach cee ie icst due 
te production practices, 

3. Production inforszation on privately owned land 1s confidential 
awi, thorefore, not available to the public or to all interested producing 
cospanies. 

4. No records could be found showing shut-in pressures for welis 
on sere than one occasion after having been cut in to the pipeline, ‘his 
informetion is necessary in ordar to determine a wull's performance 
charecteristice and behavior as Aescribed in Section ¥, A and B,. 

Se Wo one producer or regulatory body has 2]1 the dats on all the 


wells in the reservoir, Absenee of monthly production rates for ali wells 
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is the nost important exaaple of this inatequacy. Other sissing informa- 
tien might be aa followa: the drilling sethoi used, whether or not a 
well was shot, orizinal wel:-head pressures an! strut-in time, and whether 
er not a w6ll hed béen abentonéds |) in Pe 2 as 
6. The reservoir temperature has never been neasured. 
Tt. Yory few reservoir sand thicknesses have been recorded. 
8. Welt locations are not recorded in 8 standard form. 
«Oss Mekther the porceity nor the permeability of the sand have 
In view of the above, the results brought out in this stady are 
not nearly so accurate nor significant as they otherwise atght have been. 
*erhape the inadequacy of this study will serve to inticate the necessity 
for such state statates as will provide for the compilation of inforastion 
necessary to conduct securate enzineerin: stulies. 
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TIT, NISTORT OF OPEN TIONS 

A. The Reservoir 

the Oriftwood-Benczette gas field is the largest known gee field 
in Pennsylvania, covering about 42,000 acres in Elk, Caneromy and 
Clearfield counties, Production 19 from the highly faulted Oriskany 
sandstone, which in this area is aostly “wodius-grained, light gray, 

quarteose, slightly ealcsreous."® The Oriskany 1s easred by the Onondacs 

limestone formation. A, ) 

‘Figure 1 shows the approximate area of the reservcir superimose 
on &@ contour map on the Oriskeny sandstone es constructed by Fetthe,’ 
Figure 2 shows locations of all wells nasbered in the sequence in whieh 
they wore completed or drilling operations abandoned, although nuebers for 
dry holes have been off tted on the drawlag. Pertinent inforsation en each 
producing well is show in Appendix I. 

Tt should not be construed that the ruservolr has such a jayged 
boundary es ic indicated by the block areas in Figures 1 and 2. ‘These 
blocks established by the author were used to conpute the average reser- 
voir presoure as described in Section IY, 

This field is loeated on the Uriftwood anticline, the highest 
point on which is the Driftwood dome, located about ome mile northeast of 
the tom of Driftwood, This dome ia not shown in Figure 1 since the dom 
iteelf proved to be suteide the productive bouncy of the reservoir, as 
indleated by the mumerous iry heles ghown just to the northeast of the 
reservoir in Figure 2, 

The northeast or Ori ftwood end of this reservoir was discovered 
first. The diseovery well was Sylvania's 5, ©. Katen fo, 1 (Neure 2, 
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well 1-s) completed September 15, 1951. Since this well was situated 
relatively lew on the southwest plange of the Ori ftwoe! dome, subsequent 
tests were mode high on the dome in and sroand the town of Driftwood, 
none of whieh proved productive apparently because of a tight sand strati- 
graphic clomre at the nortiwast end of the reservair, ‘evelopment was 
then shifted down the plunge to the southwest, 

The Keta O12 end Gas Company's Charleroi Yountain Club fo, 1 
(Pigure 2, well S7eS) on the Benenette done opened the Beneszette end of 
the reservoir in Secember, 1952. ‘Then in March, 1953, the Bonezette Valley 
Development Company broaght in the ¥illias Yoodring Mo, 1. (Figure 2, 
well 6}-F¥) This well was extresely importent in that it ‘8 some 360 feet 
lover on the flanks of the Benesette dome than the Charleroi sell, iniieat- 
ing that the ori ftecod-Benrezette fleld was ouch larger than had previously 
beon oatimated.” This led to the furious drilling race between private 
landowners which resulted in the dense well pattern ae shown in Fizure 2, 
areas F, J and RB. Presumably, if the areas to the south had not been 
moatly state~owned land, the entire field would have been drilled into a 
Similar pattern. : 
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figure 2. Block Area Map, Drifiwood-Berezerre Gas F/eld 
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B. Ovilling aac Production Practices 


i. bridling and jaging 

Drilling operations vesghed a peak in August, 1953 when 22 produc- 
ing welle were brought in. ‘The rate then dropped slightly and leveled off 
at shoat Mifteen to twenty wlle per month until July, 1954, at which tine 
there besan a rapid decline in the drilling rate. Appendix I¥ shows a de= 
tailed breakdown of the rells by months. 

Most of the early drilling wes with cable tools which avereged 
about sixty feet per day, ‘*notary drilling was leter used, which averaged 
about 1380 feet per cays however, lost circulation ani coapletion problems 
were frequently caused by the high density (17 pounds rer zallon) ¢rill- 
tne wad. Coapletion problems were often overeom by drilling-in with 
cable tcols, but a wors recent practicn of using @ir-rotary Urilling with 
gas completions hes been highly successful in elisinating both of these 
difficulties, ‘The alrretary baa shown a penetration rate of about teies 
that of the regular rotery.” 

All methods eapley the practice of setting & seven-inch 0, T. 
easing about ten fect inte the Onendaca lisnstens, and then drilling a 6 
1/8 ineh hole into or throagh the Oriskany sanristone. 

Qnen~flow capacities of welle are measured with pitot tubes 
while the ;as is discharged to the atmosphere, Shut~in pressures are 
yenerelly recorded after wells hove been closed in for 2 houre, although 
the rush to cutthe wells into the pipeline frequently pernites only se few 
hours shut~in time. 

26 Produetion Practices 

idttle ean be said of production practices except thet wells are 

cut in to the pipeline as quickly as possible and permitted to flow at 
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maximus rate. Figure 3 shows the cumulative production and production 
rote of the field plotted against time. The dotted portion of the curves 
represents the predicted recovery and recovery rates as explained in de~- 
tall in Section 7, ©. Actual production figures are shewn in Appendix TIT. 

There has been no evidence of water trive during preduction fron 
this field. ‘There have been occasions of wells being drowned out by water, 
but this difMeulty has frequently been relieved, at least temporarily or 
partially, hy shutting in the wells for a few days. 
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I¥. DSTEEMI MATION OF RESERVES 


An accurate detersination of gas reserves in a reservoir can be 
moda only when accurate reservoir pressures ere known, Since the Dri ftwood- 
Benesette reservolr has never been shut in, in order to determine a reser~ 
volr preasuze, and since pressures for individual wells are not periedi- 
cally recorded, any wethed used in computing reserves ic largely guesswork. 
The original reservoir prossare wos nost probably about 4020 nounds per 
square ineh gage, a8 measured at the well head, oviously, no other 
pressure Would be needed to compute reserves if the boundsries of the 
reservoir, the porosity, the per cent rator saturetion, and the sand thick- 
ness were know. However, in view of the highly faulted structure of this 
reservoir, the probable wide wmsetien 4n poresity, and the doubtful 
boundaries as eatinated, the only practicable sathod fer daterniating ree 
goewen 46 Wy tb we of dnékining Gdseevele pesseures AAGh dentbetive 
produation, as is show graphically ty Figure 4, and as explained in de- 
tail later in this seetion, 

The only course for datermining the everaze reservoir pressure lay 
in averaging pressures by areas, area pressures being obtainable froa 
original pressures for new welle os shown in Appendix I. It is believed 
that the boundaries of the reservoir are sufficiently well established ao 
thet it ean be divided into areas ae shown in Figure 2, and that each ares 
hes roughly the same average porosity asi sand thickness, Though this may 
not te entizely true, tw method of averaging exes pressures in order te 
deternine the ovar-all reservoir pressure is not overly demanding of an 
accurate reserves urea, Gm! it ls not necessary that the cand thickness 
or porosity be known, provided each area is assumed to have equal pore 
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space. The reservoir area as shown is comprised of forty-one approxi- 
aately equal-sized blocks of about one thousan! acres each, 

the only difficulty iay in determining the average area pressures 
at & selected cate or dates. The pressure recorded for @ well drilled in 
the are@ on or near the acleeted cate coul: not be used with any degree 
of accuracy, for often the well would be in such clese proxisity to another 
that ite pressure would ve greatly affected, or the pressure shosn for a 
well drilled at « later dete in the seme vicinity aight have been con 
Siderably higher. Meany additional factors had to be ecnsidered, such as 
the location of the wells in the area, their sistance apart, the length of 
shut-in time conpared to flow rate, and pressures in adjoining areas, 

it gceon becaze apparent thet many xsecorced well preasires were 
lower than they should have been. ost of the wells ware shut in for less 
than twenty-four hours when their preseures were recorded, This is far 
short of the tise estimated to have been necessary for the presaure to 
stebilise in sand of such low permeability, It hee been illustreted that 
pregaures reconied after three days may still be well below the stabilized 
presourcs,!” 

it was impossible to select any single (ate near which, during 
the eerly and lete stages of deveiopaant, wells were drilled in a majority 
ef the areas. This required such an extensive use of sctimated srea 
preseures thet little reliability eculd be plaged in the computed average. 
It was, therefore, decided to determine the one most accurate average 
reservoir cressare whieh cecurred well along in the prodective life of the 
reeerveir, Only one pressure, other then the original, is needed to coa- 
pute reserves, and ene good pressure i9 considered to be more accurete 


then ea decline carve awraze of several poor ones, In order to detervine 
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the most accurate pressure aach block erea wos considered separately, 
Again, weighin; all significant factors stated above, every instance in 
wiich a well pressure or several well pressures appeared to reescnably 
reprotent weet for Whe block area was recevded unier the date shem, 
When such gressureg for all areas hed been recorded, the widest coverage 
of area pressures fell near the date of May 31, 1954. That date wes, 
therefore, selected for determining the over~all average mservoir presaue@. 
in cases where a block area failed to show a pressure on or near that date, 
it wes possible te interpolate between dates on either side of Vay, 195% 
or to estinate the area pressure froa those shown for surrounding areas. 
Well-head pressures thus deterzined are shown in Figure S. The average 
oh Gung gage pettenwe ‘ome 0s 4h pete eb see Ga 

The pressure due to the weight of the column of gaa wag computed 
ee shown in Appendix ii, using the equation 


Pw os Ffht Lah = 50x > 
4 


where Pw = well head pressure in pounds per square inch ebdsolute, 


P, = pressure due to the weight of the gas coluan in pounds per 
equere inch, 


2  —~ae coepressitility factor at averese teaperature in the 
well bore snd at well head pressure, 


x (as cons tant, 


= selecular veight of the yas, 


R 

fF sx average temperature of the yas colum, 

3 

i 2 average depth of the resarvolr below the surface. 


"cerived, easing «as law equations, slightly inaccurate as the Z ie based 
en the weil head pressure instead of the average pressure in the well. 
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If nataral pes expanded upon release in pressure exactly in ace 
cordance with Beylo's isw, the pressure decline curve would merely be a 
etraight Line through the original reservolr pressure end the Yay 31, 
195k reservoir preamre plotted against cumulative protiction aa of Way 31, 
1954. Newever, since natural cas does not conforn exactly to Boyle's law, 
the compressibility factor had te be considered, Calhoun shows that 
reservoir pressure (P) divided by the compressibility facter for the gas 
(2) et reservoir conditions will plot as a straight line azsainst cumla-~- 
tive production, compressibility factors were, therefore, cozputed for 
the two above reservoir pressares as shown in Appemtix IT and @ straight 
line plot mada between the two ?/Z pointe thus determined. ‘the accuracy 
of the curve wes checked analytically, also as show in Appendix II, The 
reservoir preseurea as they would be measgered both in the reservwoir and at 
the surface (Ficure 4) were computed from the °/2 curve, ceing coupresei-~ 
bility factors and values for the preseure due to the weight of the cas 
column as are shown sraphically in Figures 7 and &, Appemiix II, 

The 259 billion standard cubic feet of gas, es cnleulated to have 
been originally in the reservoir, at first appeared high, eonsidering the 
present. low production rate from the wells, An edditienal caleulation was, 
therefore, nade to determine the porosity of the sand, using 42,000 acres 
which has beon estimated as the area of the reservoir, end an average sand 
thickness of 17 foet ae estimated from the few well records shewing this 
information. The porosity thus calculated, as shown in Aprendix II came 
to 4.15 per cent. “hia porosity certainly ‘ces not appear to be excessive, 
consiterin: the nine per cent and 3.34 per cent percsities found, 
respectively, for Oriskany sand saaples blown from velle in the Thoga!” 
and the ieidy gas fields. 
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Wmerd'G rete of clon, Wewle feet fest per 2 houre, 
"@ e coefficient, | ' 


Ppa "shatq-in” foraation pressure, pounds per square 
ineh absolute, | ; - , 


= exponent, to the slere of the 
staat te ) plotted ~- coh, tener? 

Tt ie further pointed out in that repert*” that the walue of ng or 
the alepe of the logaritiate plet, would remain constant if mo physical 
changes oocurned in the well bore or in the produeing formation whieh 
affected the productive capacity of the well. 

This Bureau of Vines report recemeents the above relationship as e 
menag for analyzing the deliverebility of ,as wells. ‘the procedure in- 
volves, essentially, the periodie shutting in of the well to deteruinse the 











formation pressure (P 9) » and then permitting the well to flow at decrease~ 
ing baek pressures (?,) daring whieh time the rate of flew (G) ie ssasured 
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for eagh back pressure, The logaritimie plot described above cen be ex- 
trapoleted to deteraine the open flow eapseity of the well without the 
necessity of venting the well to the atsosphere ami thereby wasting cas 
end probably damaging the well.2° when flow rates eo deterained et 
periedie intervele fail to fall on the same straight-line leyarithate plot, 
1% is indicative of changos occurring in the wall or tle producing forma- 
thon, such es water conning, water condensation, weil caving, etc. this 
procedure alec provides a means for predicting Slow retes at various back 
pressures and formation pressures, and for analyzing the effecta cf scasures 
taken to increase @ weilta productive capacity. 

A Daresa of Mines report”! some nine years later carried en in- 
terestin, discussion of the value of mn as related & 8 similar exponent 
in an equation” for teotherndl Clow derived and confirmed experimentally 
by Kuskat and Botoet, here the latter had shown, in effect, that the value 
of nin the equation @ « 0(P,“=?,*)" would range fron 0.5 for wholly 
twrbalent flow te 1.0 for wholly viscous floes. The Bureee of Hines report 
stated that it had been shown experimentally that the value of n ranged 
froa OS to 1.2 and that there was no significent bemiing of the loga~ 
rithele plet toward the presvare axie for increased veluce of (?¢~,") 
ani Q, ag sight have been expected. 

It is aignificent mw note, however, that the second cureau of 
Wines meport was based largely om results of teste sot forth in the first 
report and thet bot: Seld asd expuriaontal resalts!” were obtained frea 
highly permeable sanis through which sas vas fClesing under relstively lew 
preasires. tia further aignificant to nete that mang laboratory testes 
G14 shew logarithale plots that bent slizghtiy toward the preseure axis 
vith inereasing valuce of @ und (Pp°=F,*), and that there eppoare te be 
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no confirmetion in ladoratery teste for values of n greater than one, One 
wight, therefore, sumaise that poesibly there eould be a significant bende 
ing of the logaritiaiec curve towerd the pressure axis with greatly in- 
creasing values of (P,2+? ~) and Q and that possibly the few cases during 
f{leld taesia where the value of n exeeeded one resulted frua shysical 
changes occurring in the well bors or fros inaccurate data, It is the 
author's opinion that values of n greater then one should be ecsepted wi th 
reservations, if at all. 
2. <Applicetion of the Bureau of Hines Equation 

The equation 0 = C(?@~,2) as previously deseribed is also appli- 
cable to groups of welle.”? The @verage well productive eapacity coeffi~ 
client C, may therefore be obtained by averaging the C's computed fer each 
well by dividing Q by (Pap *)", values for @ and for Pp as weasured at 
the well head are shown in Appendix i. Since the value of mn wea not kmown, 
it was neecssary to average the production retes (Q) for wells croducing 
unier the sane (?y-~?,"), Further, sine little confidence could be placed 
in the aecuracy of the lower preasures, it wes decided to use wells show 
Lng Well-head pressures near 3500 pounds per square inch. Thirty euch 
wells showed an average 0 of 7360 ¥ cuble feet per day, The pressure due 
to the weight of the colwm of gag in these wells averaged sbout 5CO nouns 
per square inch, bringing the P, value to 4000 pounis per square inch, 
Sines P, can be negiested for taase iarge~kole high-pressure welis flowing 
against atmospheric pressure, 7300 (Q) can be plotted azainst 16,000,000 
(?g®ap,*) on legaritamic peper as ie shown by point A in Figure 6, Tals 
gives one point on the logeritivgic plot, but deas not of course show the 
slope of the line whicl oan be used to deteraine values of Q at different 
vaives of (PpM=?,*), $b cen deedtak t one an & Othek of one (viscous 
flow) in order to sinplify caleilations and to preclude the exezgreration 
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of the adverse effecte of production prectices as is brought ovt in 
Section ¥, Band C, VWeing this n valve of one, the coefficient (C) for 
the 30 welle came to .k56. ‘These values of € and n were justified by an 
average value of C equal to.45 for 127 wells on which the recorded data 
appeared to be the mest securate. The value of ( for eaeh individual well 
in this case wus obtained by dividing the flow rete (Q) by (P,"=P,"), Pr 
by the weight of the gas colum, und P, again neglected, 

headers aight be interested in the calculation of average peraea- 
vidity as shown in Appendix II where the value of C equal to 0456 was sub- 
stiturved in the Serey's lew redial flow equation for visceus flowe Though 
& Tough aseumption hed te be sade for the drainage radius and thoagh the 
flew way not be considered as redial in all cases, the computed permea- 
bility of 4.05 millitsareies as coupared to the estimated permeability of 
tan willidareies tends to subatantiate the assumption that the value of 
C is not excessive, Two sanples blown from wells in the Leldy gas felt 
averaged 10.9 mi llidareiea.”> 

In consideration of the above, tie curve AB in Figure 6 may be 
considered to represent tha production rete that could have been expected 
from the average well with decreasing values of (Pp'=? *) had the physical 
eherecteristics of the wall and the prodacing formation remained constant, 
and had the wells been go spaced ae to have the average forazation sressure 
acting on each well, 
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SB. #ffeet of Well Spacing and ’roduction 
Practices on : reduction - ate 


As pointed oat in the previous section, curve AB (Figure 6) repre- 
sents the declining prejuetion rates with Jeclining (emp ,*) values that 
ecoull have been expected from average, unianacved, properly spaced wells, 
Curve CO (Meure 6) represents the actual average proluction rete per 
well with declining average reservoir preasurea «s shown in Fiszure i. 
vointa on curve CO sere determined by dhviding the total monthly production 
rates (Appendix Jil) by the average nusber of producing wells as of the 
date indieated (Appendix TY) and plotting: these ratee per vell against the 
(Pptan*), Pp being considered 2s the formation pressure shown ty Fisure 
4 and P, being estimated as 600 pownie per square inch, The deficiency 
in preduction rate per well for any value of (p Pa?,*) lo represented by 
the horisontal distance between the tw. curves, ‘his lovs can be attributed 
to lecal pressure depletions in iensely ¢rilled aress and to physical 
damacse to welle brought on by the ranid production rete. 

DS SOS in production rate resulting from dense well spaein: and con- 
sequent lecal pressure depletions can be well Lilue treated by considering 
areas *, :, and E in Figure 2, where on “ay 31, 195) some 73 wells were 
oreduelng under 8 formation pressure of about 1700 pounds per svusre inch. 
If the bask pressure at the sami face wae GOO pounis per oqusre inch, the 
production rate per well sxpreesed as « per cent of the protuction rate 
whieh would have been attained under the average reservoir pressure of 2395 


pounds per square inch at that t me ras 
ae of) (00) = 31.5 per cent 
(2895*=600* ) 


Aetwally the formation pressure acting on many of the walls was probably 


consiterably lea» than the averase for the area. it is therefore obvious 
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that a wall jrijled ia this eres 66 that tiwe procdused pag at less than 
EP Oe pee Fe Ree ages 46 1* hal Ot8 wee Gam 
been io effect, o” that the wane total profuction rate for wis area 
omld have bean uehieved with less then one-third of the walla. ‘ 
7 “Production Lessee onused ly water eunln;, weil cavin:, ot, ean- 
not be well illustrated frox the data available, «i though it would be a 
tinple procedure to abut in cells occasionally ent to plet the 2 verwus 
the (Peary) on Legart take papers Lime chrowst: suceosel ve ponte 
Ge atlas ented Latbeath ceoquee or ant 6 wel 86 belen Sennghd. A 
een taal GE Gane Oa mntets besa wata bo banaiaien of mater be 
img or Gog eas deliveramiiw,. If only tre points are 
wvatlahle, and a line through the two pointe has a slope Jreater than one 
(ser) than &5 degrees to the pressures axis), it will, in the authors 
epiniun, be 6 positive imileation cf weil daw, 8. ‘this precedure wae 
atienpted for the few atate wella on which recerds @ouli be found shows, 
shutela preevares sown time after their original gaging. Vowsver, curves 
corded tala. One curve showed 4 reverse slope, iniloatin; lever flow rate 
with increasing formation preseare, 

ihe fureey of Sioee hedh-prageacre metho! fer analysing +n 
deliverability ef sae wells, as described briefiy in Seetion *, 4 is s 
much sose thorouch and dateiled preoesdure than thut dewerd bad above, Far 
\reater bens fis tna that disenaecod ehove ney in We een fros their 
method, éitheugsh 1t requires the restricting of a wellts flow for econ- 
siderably more time than predjuctian practices in Pennsylvania porsit. 
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(Cy, "stimated Losses in Yitinate Necovary 


Although it is impossible to predict the ultimate cas recovery 
froa this reservoir with sny degree of accurecy, it is feirly obvious in 
view of the declining production rate that an uneconamical provuction rate 
will be reached long before 239 billion cable fest of — bean 
nad tw al 

Carve Uf, Pigure 6, ghows a recent inciwasing rate of decline in 
production rate. ‘This may be due to a variety of factors, —S 
1, Water fingering Wy to a rertebnaeles ta 


238 Senet . 


. Water near thy wel the offecti 
ESR cae Mun pares acartn 


3. Yator contensation, redueing the effective apenyen 
to the 558. 


4. Well caving 
Ge _Structurel conditions within the reservoir. 
6 Theo tesporary shutting in of an ine ng muaber of 
wells (zince the rate is besed on mamber of pro- 
imeing wel ag driiled rather then the actual number 
in operation). 
7. Almost total pressure depletion in i¢neely drilled areas. 
Tt 4s the author's opinion, however, that coniitions in the reser 
volr may Boon stabilive ant that the flow rate after that time will ¢on- 
tinge in @ direetly proportional relationship with {i ear.) at least 
this ia the best that can he expected. “this is iliustrated by the curve 
EF, Figure 6. Though there ie li:tle chanee that thie curve will hold 
true to the abanionaent date, it 1a not unreasonable to expect that it 
will hold app=oximately true for the next few years. ‘This curve may be 


used in conjunction with the reservoir pressure curve (Fixure 4) to 
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provide a trial and errur seane for predieting future production ani 
production rates. The dotted portions of the curves (Figure 3) wre de- 
rived in this manner, considerin; @ gradually decreasiny value of P, to 
sere in the year 195). By the end of the year 1759 thers should herve 
been about 240 billion euble feet of yas produced from this recerveir, 

In consideration of curves AB ani EF (Figure 6) and assuming a 
cichems covmatie Brow wots (2) of $0 NBT ner tay ob sem Week meses 
(Py), the reservadr could be expected to be abandoned st an average 
pressure (Pp) of 632 pounie per aquare inch, wheress in the “ideal® case 
the abandomeent preseure would be 316 pounds per square ineb. This, ac- 
cording to Mizure 4, reflects a less of about 22 billion eabie fest of 
gas due to inefielent vreduction prectices, 

Actually, 1t 18 anyone's cuess as te just how far inte the futare 
thie reservoir wiil proigee gas at an economics rate, ort likely there 
will be numerous wells cerable of producing gaa at an esonomic¢ rate for 
many years to come. It is hishly probedle, however, that water Singer 
ing and caning has or will eut off relat: vely high preseure zones wi thin 
the reeervolr, ani that @ reduced effeetive permeability to gas caused by 
water coming and condensation will seriously curtail] proiuetion end reduce 
the ultimate recovery. An estimted lose of approxinately 20 billion 
cuble feet of cas is considered te be conmervative, 





~< e ee eT eee 
OT ee ee ee 
Meet em we. 

cunt Sep ine We woe Out af © tame wanes 1°60 gine 
Ch atte te een ee te ea ae) 
Ad eres Shewnn we Oe oy et) We Rien Wiley momen ot (La 
mel ce me aoe w mor, oe 
stile ame ere the Yee ee TS ee tes ee 
Cee 69 9 Viney RE per 2.9 OP iene a 
emt km enveron inrwe wnnnes sie wimtepeny tm sate vous 
— Re © errs © nel ime ope bile OP 
AG a ok Mea OS Ae Pe nnn 


- 




















YI. RVALCATION oF BOSILTS 
— Tae é ‘Fy 


_.. Adfthough thie. stady hes develeped ne sbaclate proof thst there — 
wii bo substantial losses in ultizate recovery ef ces from this reser 
vol, 1% dees indleate that euch lossea are very likely und preseate de- 
finite proof that & great eaount of sanpower and miterials have been un 
necessarily expended. Curves 4D gad CO (Figure 6) show that actasl 
production per weli was enly about 35 j«r eent of what ai zht heve been 
expected trea the properly~epsced average weil, or that about one-third 
of the wells, if properly speced and unlamaged, should hove given the sane 
production rate. As was pointed out ia Section ¥, A, 2, this ficure is 
baved on a conservative estimete of the elepe of the lozarithale curve 
AS (Figure 6) equal to one. 1% is possible ibet this curve could have hed — 
@ slope of less than one, showlog en increasingly wide separation betwen 
an Locrmeegingly poorer comparison of the aetual well production rate with 
that ef the idesi. 

the ideal newer of wells can enly be deterzined by an econestc 
balanee of @ great mony factors, sueh as recoverable ges in place, drill- 
ing cos, tace pressure required to prevent ceamging the woll or the 
prodaging formation, surket Geeania ami coesi tants and cthers, The back 
presoure requivead can be determined accurately by the Bureau of Sinsa 
mthed, but even this ie subject to economic considerations, it my, for 
axesgle, be wore economical % peralt sinor damuge to the well than to 
held wie vaex pressure sufficiently high to prevent damage entirely. 
Som ctates forea the application of beak cressure vy restricting cas 
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production te 25 pexr cent of open flew capasity. However, this restric- 
tien ie slso intended to prevent gee protection 1m excess of market de~- 
menig, and there is no reeson known to the eather why Pennsylvania 
should restrict production te thia rate if it can be shewm thet signi fi- 
cant dasage will not oceur to welle producing at higher capacities, All 
of the above fastors can best be weighed and applied through a writ 
operation plan, assivted perhaps by 6 well-spasing regulation. 

It is probable that no sere than two billion cubie feet per month 
qeantities of sae from the Southwest to meet comnitaents during the — 
winter wonths, Furthermore, the nature of cipeline cverstions as well es 
econonie factors in the producing Seuthwest jemand the ectablisiment of 
leng-temm contrects with little or no seasonal variations in ges deliveries. 
This requires the delivery of large quantities of gas to this area dure 
ing the sumer months witch must be sterod in underground reservoirs, It 
is therefore obviow that the zest economical rate to extract cos from 
this fleld would be a loncetern rate necessary to aucnent deliveries froa 
the Southwest with a mimious of storing required, 

According to curve 48 (Figure 6), two bilifien cuble feet per ronth 
could have been produced early in the productive life of the Meld 
(Pe = 4600) with 27 welle producing at 25 per cent of opea-flow capscity, 
and with 100 wells at this capacity five years later when the 120 billion 
cublo feet prodzeed would have caused the reservoir pressure to drop to 
about 200 rounds per square inch (Fivure &). 4% 50 per cent oren-flow 
capacity, only half of these wells would be required, and 100 welle would 
produce two billion cubic feet or sore per month until 175 billion eubie 
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feet of .28 had been produced, Acouiing that the flew rate could reagh 
a =saxiwee at the lower pressures without causing significant damage to 
the welle er the formetion, 10) wells woul! sustain the 2 billion cubic 
feet per genth rate for alrost nine years or until 220 bi Dion eubic 
feet of ges hed been proluced. 008 not this appear more efficient and 
logical than hae been the sctuel prectice of drilling 277 protucing wells, 
with nore to com, to obtain the flow rate shown in Micure 3? 

ss The above compartaon of actaal practices with those which micht 
have bean seployed umier unit operetions or under wll spacing regulations 
joes not show @ coaperison of ultimate recovery losses, I+ wos illustrated 
in Geetion Y, © thet there should be at least 20 billion cutie feet of 
eS lost because of inefficient proiuction practices, Though structural 
comitions in the reservelr aicht not permit euch hich ultimate recovery 
Sm mither the acteel or the iieal case, it is probable that unlit opers- 
tiens or adequate well spacing reculations would provide for sore officient 
exploration ani thereby fer a rrodustion rate closely approachinz that 

shown ty the curve AR (Ficure 4), | | 
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B. Economic Aspects 


1. General 

The economic aspects of production practices may be illustrated 
roughly as follows: 

(a) Before this reservoir is abandoned there will probably have 
been 300 producing wells drilled -——- 200 more than is conservatively es- 
timated to be the ideal as stated in the previous section. At $75,000 
per well, this will amount to an unnecessary expenditure of $15,000,000. 

(b) Itis estimated that at least 60 billion cubic feet of gas 
will have been stored and re-extracted beyond that which would have been 
necessary at the two billion per month rate. At an estimated cost of 
five cents per thousand cubic feet for storing and re-extracting, this 
will amount to $3,000,000. 

(ec) Twenty billion cubic feet of gas estimated to be lost due 
to open flow production practices, at an estimated net value of about ten 
cents per M cubic moat” will amount to a loss of $2,000,000. 

(ad) Itis estimated that about 75 billion cubic feet of gas would 
have increased in value by at least two cents per M cubic feet had it been 
possible to produce this gas on a seasonal contract or at a slower rate. 
This will amount to $1,500,000. 

(e) There have been numerous relatively minor excessive expendi- 
tures, such as expenses for operating compressor stations, additional well 
maintenance costs due to open flow production practices, excess gather—- 
ing lines, etc. 

In view of the foregoing illustration, it is reasonable to assume 
that $20,000,000 have or will be wasted by the production practices em- 


ployed in the Driftwood=-Benezette gas reservoir. Furthermore, a large 
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vortion ef theese loaves will be paid by the consumer in the form of high 
gas priLees or in taxes to maxe up for the losses from state-owned tracts. 
2, Private Landowners 

vuch of the land overlying this reservoir is privately amed — 
omall tracta ef one secre or less. Such @ lendowner's fair share of the 
gas, consi‘ering 40,000 acres total ami 200 billion cubic feet of ges as 
recoversble, is 7,000 M cubie fest. At onewaiihth royalty this figure ia 
further reduced to roughly 900 ¥ euble fest, which would meount te $247.50 
at the current price of 27) cents por M cuble feet. It is eonsarvetively 
estimated that many emall tract laniowners have er will receive at least 
a humtrad times this igure. Their excess profite obvicusly resulted in 
losses from less densely irilled areas, which in this field are nostly 
Btate-owned tracts. 
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VII, CORCLUBIONS AN) BECOMENE ATI ONS 


It 4s eoneluded that there have been about 200 excess wells 
drilled in the Driftwood-~Benerette fields that there could net possibly 
have been « fair and equitable distribution of the gas amon: the verlous 
laxtowners; that very probebly there have or will be large quantities of 
gas left in the reservoir becouse of open-flow production practices; that 
sound engineering principles are net observed in gaging wells and in | 
quilneting Umar podovenubs, ani tet uAd of these ade dleeetiy attilbat- 
able to the lack of petroleua regulatory statutes in Pennsylvania, It 
ie further eonaluded that the zenerul public supports a large share of 
the inequitiee, ge losses wvi excess expenses either in Meher gue prices 
or in decreased revenue frou publicly owsed land, 

The obvious reeoamendation, therefore, ia that, the oltisene of 
Pennsylvania donand the ensetaent of state statutes which will prevent 
this vaste of unperer, materials, end petrolevs reacureas, aryl whieh 
will insure the protection of correlative righte of landewners. 

The detaile of the varied petrolews conservation seasures and 
uniticetion statutes are beyon! the acope of thin pecer. The sveregs 
citizen, however, should not be so much concerned with these details as 
by the fact that nothing is being done to remedy the current inefficient 
end unfair production practices. Citisens should plece their faith in an 
Mi and Gas Cemaisaion appointed for the purpose of recomen:ting 
appropriate conservation and unitisation statutes anid for enforcing the 
statutes after they are enasted, io peraon need fear noropolistic 
oractices or the deprivation of his preverty without de due process of 
lew, ‘ie ie protected from these under federal law, 
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It is aiditiena.ly reeomuenied that the State immediately insti- 
tate a procres to aoquire, complle ani correlate information needed for 
accurate engineering studies, an! to make this information readily avail- 
able to all interested parties. No information relating to well production 
should be confidential. The very least thet should te done iz the enact- 
gent of a low requiring thet all c¢es wells be shut in for a rminiom of 
L8 hours onee @ year ani that shut-in preesures be recorded an! reported 
to an appropriate state regulatory body. pen-flew capacities, or flow 
rates against stated back pressures, should be recoried et the time wells 
are shut in, amd likewise reported. Though this information will not 
suffice for asourate computation eof the wells! p»rfornance by the Bureau 
of MAnes baek-pressure mothe, it will previde for considerably nore 
accurets engineering stadles than are currently possible. This recomeenia~- 
tion would be superfluous if adequate petreleas conservation laws were 
enacte:!, for effective conservation presupposes a requirement for aecuruie 
knowledse of both the ges reservoir and the preducing wells, which can 
only be yvained froa extensive and accurate data, 
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APPENDIX II - CALCULATIONS” 
Ah, Cetermination of Reserves 


1. P/é Values for Irephical Selution (Figure 4) 
Gas Analysis: methane 97.0%) ethane 2.10%; propane 0.15; 
oxygen O.d8; nitrogen 0.5; carbon dioxide 0.2§; molecular 
UGA ade Cotithetly Preqnees "WT feSKh critieal tempera- 
ture 3h6°R, 
Reservoir temperature 150°"; surface temperature 60°r, 
Original feservoir pressure P 2 4035 pels sa measured at the 
surface plus the pressure caused by the weight of the zaa 
eclumn in the wall ?. Py was caleulated ag follows: 


ry * the ERT Px « 5 . 


where P_ = 435 pode well heed pressure 


é Moyo oy btn te 
nN wn ed — % — 
2 6.0, 5 "74""" tenperature T 





XH # 10.71 = constant) 

T 2 S65°R (average tanpereture in the well) 
M = 6500 feet (average depth) 

4 m 16.3 (molecalar weight) 


| (14) (29) (10.71) (565) P, - 5 P 
sekbtoa, =), — . 


Py = 533 pounds per square inch, 


“All ealeulations by elide rule 
**catimate based on 140°F, as measured for Leidy ges Meld 
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Therefore, the original reservoir pressure P = 1035 4 583 2 4613 pounds 
per square inch absolute. The corresponding compressibility faetor Z = 
097, using T, = 610°R (reservoir temperature) § 340 2 1.75, and Ps 
4618 $ 673 = 6.85. The original P/Z = 4618 2 297 » 4755. 
On May 31, 1954, P, and Z were calculated as shew above. 
(See Figures 7 and 9) 
P_?P 2505 ¥ 390 


May 31, 1954 e/2 x om ae meee s 3200 


2. Analytical Method 
Original gee = ges produced # gae reasining 
Considering the reservoir storage space and the reservoir 
temperature ae remainins constant, and using the ges 
produced as of May 31, 195k (Appendix II1): 





“9 RT 


382737 5 a9,215,480,000 ¢ 384 Pe? 
ty RT 
where 351 = standard cubic feet per anole 
Ps 4618 pale (original reservoir gvensnse) 
?9 = 2895 pata (sey 31, 1954 reservoir pressure) 
Ys reservoir storage apace in cuble feet 
Zy 3 097 (compressibility facter at original reservoir pressure) 
bo S 0882 (compressibility factor at Yay 31, 195) reservcir pressure) 
R= 10.71 (gae constant) 


T = 610°R (reservoir tenporatere) 








Ve = 160k x 10” cuble fest 


381 (4755 = 3260) 
vrecima awe BABE 5 [Puno aya a a) 


= 289 billion standard eubic feet 
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Factor 
Foclror vs. Pressure 
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Pressure Dve to Wesght Of Gas Column 
Figure © Pressure Due to Weight of Gos Column vs Wellhead Pressure 





47 





Peve volume = lel x 20” ob. ft. (a0 shown in Appendix II, Section 
Ay 2 on the preeeding page) plus an estimated 20 per cent of the 
pore volume for connate water saturetion, 


Bulk voluwe = approximately 42,000 acres x 17 feet averazesand 


thickness x 43,560 eu, [ts per scre-foot = 31.1 x 10” cu, fte 





Ce Determination of Permeability 
The Darcy's Law redial flew equation’ for viseous isothermal flew 


= 12088 Bh (Py@=Py") 

7» u ln 4 
can be resritten to give ‘5 

Se ee 

‘ln = ™\, 
Q, = standard eubie feet per 2 hours 
RK g permeshility in darcles 
h 2 effective sand thickness in feet (approximately 17) 
Pe = reservoir pressure, psia 


P, = Preseare at the sand face (or flowing bottom hole pressure) 
pela 


r, 2 drainage rediue ef the well in feet (estimated 1000) 
m, = radius of the well bore in feat (.255) 
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Monthly and Cum lative Production 
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